The Matenial Technology Behind Osteopore Resorbable

Products: Polycaprolactone

Introduction

Bioresorbable polymers are widely used in medical applications today and their potential market is expanding
rapidly. The main reason is due to the elimination of stress shielding effect and need for second surgery for
implant removal. Polycaprolactone (PCL) which belongs to the family of aliphatic polyesters has been widely used
as a suture material’ and as a contraceptive implant with drug eluting properties” for the last 30 years. Recently,
with the increased amount of research in the field of tissue engineering, new applications such as craniofacial has

been discovered and used for clinical applications™*.

PCL vs other polymers

Mechanical properties

The physical properties need to be considered include; strength, hardness, ductility and they should be retained
sufficiently over time to be effective for clinical therapy. It is noted that out of all available bioresorbable materials,
PCL has an above average tensile strength. Despite its low tensile modulus, it has an excellent elongation at
break. At the same time the Tis low as compared to the two other more bioresorbable materials of choice (PGA
and PLLA). At room temperature, PCL is ductile as compared to PGA and PLLA which are brittle in nature. See

table 1 below.

Polymer Name Tensile Tensile Elongation at-|-g (°C) Tm (°C)
Strength(MPa) [Modulus (GPa) |Break (%)

Poly(glycolic acidy PGA 20 8.4 20 - 40 36 —46 (B) [220- 230

Poly (L-lactic acid) PLLA 50 8.5 2-40 170 (B) 56

Poly (s-caprolactone) PCL 20 - 40 0.1-0.3 100- 800 -60 (D) 58 - 63

Poly (3-hydroxybutyrate) PHB 15 - 40 05-25 2-40 0-5(B-Dy [140- 160

Poly {ortho esters) 15 - 30 0.7-1.2 10 - 300 -20 —10(D) |- 60

Poly {trimethylene carbonate) PTMC [12-24 0.06 - 0.07 820-831 -15 (D) 36

Table 1 showing comparison of mechanical properties of selected group of bioresorbable materials (B=brittle,
D=Ductile)
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Biocompatibility
PLA and PGA are some of the popular bioresorbable polymer that is currently present on the implant market.
However, both tend to have adverse inflammatory reactions to surrounding tissues due to its acidic degradation

%8782 In a study by Bostman and Pihlajamaki'®, 2,528 patients underwent various reconstructive

products
procedures with the use of pins, rods, bolts and screws made of PGA or PLA acid. At follow-up, 108 patients
{4.3%) were noted to have a clinically significant local inflammatory, sterile tissue reaction. In 2002, Voutilainen et
al'' reported that 5 out of 16 (31%) of patients implanted with PLA screws and rods for ankle reconstruction

experienced foreign-body reaction. They occurred between 40 to 115 months after implantation.

PCL biocompatibility

Osteopore PCL scaffolds have undergone extensive research on its biocompatibility in different animal models.
Long term implantation study in a rabbit calvarial model” after 24 months indicated that molecular weight has
decreased by more than 70% and strut breakages were homogeneous throughout entire scaffold. Mineralised
bone was seen to infiltrate scaffold pores with many replacing struts completely. In a study by Rohner et al **'?,
PCL scaffolds were implanted into orbital defects in Yorkshire pigs. After 3 months, cellular tissues within
scaffolds and new bone growth were detected in the pores of the scaffold. Notably, more bone formation was
detected in PCL scaffold group than PLLA/PDLA. Subcutaneous implantation of PCL scaffolds was carried out in
nude mice. Bone formation was detected within scaffolds via osteocalcin staining and vascularisation networks
were present as well”. In the above studies, the material did not have any adverse reaction to surrounding tissue

and cells. There were also no signs of rejection of PCL implants.

The toxicology of PCL has been also studied extensively as part of Capronor-one-year implantable subdermal

contraceptive device’ and in bioresorbable Monocryl monofilament sutures’, both of which are FDA-approved

14,15

clinical products. Currently PCL is regarded as a non-toxic and tissue-compatible material . PCL is also well

tolerated in various applications shown in Table 1.
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Table 1: Numerous literatures have demonstrated PCL biocompatibility in different clinical applications.
Selected literatures can be found in the table below.

Applications Findings References
Human osteoblasts PCL is highly biocompatible with human osteoblasts 16, 17, 18
Mandibular bone PCL is highly biocompatible with mandibular bone tissue. 19, 20
healing Customised scaffold can be built using computational design.
Craniofacial bone PCL is highly biocompatible with craniofacial bone tissue and 3, 4, 21, 22,
healing has proven to be successful in orbit reconstruction. 23, 24, 25,
26
Femoral bone PCL is highly biocompatible with femoral bone tissue. 27,28
healing
Marrow cells PCL is highly biocompatible with bone marrow cells. 29, 30, A1
Periodontal bone PCL is highly biocompatible with craniofacial bone tissue. 32, 33
healing PCL has proven to be an effective drug delivery system.
Nerve Tissues PCL is highly biocompatible with nerve tissue. 34, 35, 36,
37
Spinal Cord PCL is highly biocompatible with spinal cord. 38
PCL polymer
p N free radical W
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Figure 1: Schematic illustration of chemical formula for PCL*

Poly(e-caprolactone) (PCL) is a semi crystalline resorbable polyester. It has a low melting point of between 58 to
64°C, depending on its level of crystallinity. Low melting temperature enhances its processibility. It has a low
glass transition temperature of around -80°C which explains its ductile and rubbery state at room temperature .

PCL also possess favorable mechanical properties: Elastic modulus between 300 to 400MPa which matches the
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stiffness of cancellous bone (100 — 3OOMPa)‘”. On this note, Osteopore has chosen 100% medical grade PCL for

its scaffolds.

PCL degradation
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Figure 2: Schematic illustration of degradation of PCL in vivo*

PCL follows a two step degradation process when it is placed in an in vivo environment (Figure 2). The first step
is @ non-enzymatic, random hydrolytic ester cleavage which is triggered automatically by carboxyl end groups of
the polymer chain. Chemical structure and molecular weight of polymer will affect the duration of the first step of
degradation. When the molecular weight of polymer decreases to about 5000, second step of degradation will
commence. The rate of chain scission and weight of polymer decreases as a result of the formation and removal
of short chains of oligomers from the scaffold matrix. Fragmentation of polymer precedes the absorption and
digestion of polymer particles by phagocytes or enzymes43' * The final degradation products are water and

carbon dioxide. Complete degradation will occur in 36 to 48 months***#°.

Advantages of Osteopore PCL scaffolds

1. Controlled and slow degradation profile

Controlled and slow degradation allow tissue remodelling without the sacrifice of construct collapse and the “acid
dumping” which destroy the minerals that were formed. The slow degradation also allows sufficient mechanical
strength can be maintained after implantation. Degradation profile for the PCL scaffolds had been elucidated by C
X F Lam et al previously*’. It was shown that degradation of PCL scaffolds in in vitro conditions followed a regular
profile. Mechanical properties of the scaffolds at different stages of degradation were tracked and summarised
below in Table 3. The degradation in vivo has been reported to be faster depending on the anatomical sites as the

presence of enzymes is known to accelerate the degradation process significantly. In 2006, Sun et al*® monitored
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the in vivo degradation of PCL for 3 years in rats. The distribution, absorption and excretion of PCL were traced
by radioactive labelling. The results revealed a perfect linear relationship between the logarithm Mw and time,
which is in accordance with first-order rate law for ester hydrolysis. When the Mw decreased from 66 000 to 24
000 at 16 months post-implantation, the PCL capsules were intact and maintained enough strength. VWhen the
Mw decreased to approximately 15 000 at 24 months post-implantation, the PCL capsules remained intact but
started to lose strength. When the MW declined to 8000, the capsules lost their strength completely and broke
into pieces. This occurred at 30 months after implantation which is significantly faster than irn vifro degradation.
The low Mw PCL pieces were metabolized and excreted from the body through urine and faeces. These results

correlated well with Pitt's findings**.

After 18 months gth remained
After 24 months 25% strength remained
After 45 months 0% strength remained

Table 3 /n vitro degradation of PCL*
2. Highly porous scaffold for easy infiltration of bone.

Osteopore PCL scaffold has a unique honeycombed structure that has fully interconnected pores. It has a
porosity of 70 to 85% which allows for bone and cells to infiltrate completely and trapped cells in high
concentration. It is because of this structure that allows new bone formation to form readily and allows cells-cells
signalling for further remodelling, proliferation and differentiation. The interconnected porosity also enables rapid

vascularisation.
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Figure 3: (a) SEM image of Osteopore PCL scaffold architecture (b) Schematic diagram depicting infiltration of

cells within scaffold.
3. Honeycombed structure facilitate biophysical stimulation

It has been shown in a variety of studies that mechanical forces have a positive effect on growth and proliferation
of osteoblasts*’. They are able to detect the presence of minor deformations on implant surface due to
mechanical Ioading50 and this is primarily done through their attachment sites®'. Full interconnected rods in
Osteopore PCL scaffolds will enable mechanotransduction throughout the entire implant. Its large surface area

will also enable easy attachment of osteohlasts upon detection of slight deformations.

4. Excellent ease of shaping, contouring and customisation

Osteopore PCL scaffolds can be easily trimmed by a surgical blade or scissors intraoperatively. This will ensure a
hetter fit for targeted anatomy. Customised scaffolds from medical images such as the CT scan, can easily be
made as the technology platform has been for the first time integrated with medical imaging, biomaterials
technology and advanced manufacturing. It is because of these superiorities above that enable Osteopore PCL

scaffolds to find its way into many medical applications to restore tissue to normality.
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Figure 4: New Platform Technology in Scaffolds for Bone TE Medical Imaging +
Biomaterials + Adv Manufacturing
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Mandibular Defect Reconstruction Using Three-Dimensional
Polycaprolactone Scaffold in Combination with Platelet-Rich
Plasma and Recombinant Human Bone Morphogenetic
Protein-2: De Novo Synthesis of Bone in a Single Case

Karl-Heinz Schuckert, D.M.D., M.D., Ph.D.," Stefan Jopp, M.D., Ph.D.," and Swee-Hin Teoh, Ph.D.?

This publication describes the clinical case of a 71-year-old female patient. Using polycaprolactone (PCL) scaf-
fold, platelet-rich plasma (PRP) and recombinant human bone morphogenetic protein-2 (rhBMP-2), a critical-
sized defect in the anterior mandible was regenerated using de novo—grown bone. A bacterial infection had
caused a periimplantitis in two dental implants leading to a large destruction in the anterior mandible. Both
implants were removed under antibiotic prophylaxis. A PCL scaffold was prepared especially for this clinical
case. In a second procedure with antibiotic prophylaxis, the bony defect was reopened. The PCL scaffold was
fitted and charged with PRP and rhBMP-2 (1.2mg). After complication-free wound healing, the radiological
control demonstrated de novo-grown bone in the anterior mandible 6 months postoperatively. Dental implants
were inserted in a third operation. A bone biopsy of the newly grown bone, as well as of the bordering local
bone, was taken and histologically examined. The bone samples were identical and presented vital laminar bone.

Introduction and Scientific Background

TRADITIONALLY, THE AUGMENTATION of bony defects is
carried out using allografts, xenografts, autogenous
bone, and synthetic biomaterials. The transplantation of au-
togenous bone is regarded as the gold standard. Globally,
there are more than 2 million autogenous bone transplanta-
tions in humans each year.l’2

Because of the osteoinductive and osteoconductive char-
acter’® of autogenous bone, there are a number of good re-
sults obtained upon transplantation. However, there are
disadvantages, namely:

1. In most cases, two surgical procedures are necessary:
one for bone harvesting (e.g., from the iliac crest) and
the other for implantation. This can cause some patients
to suffer from complications associated with the donor
site.

2. At the site of bone transplantation, the risks of wound
infection, necrosis, and resorption, representing up to
30% of transplanted material, have been experiencecl.l’2

The use of growth factors such as recombinant human
bone morphogenetic protein (thBMP) and differentiated
stem cells has broken new ground in bone tissue engineering.

Since the first publication by Urist in 1965 regarding bone
growth by induction,* there have been several thousand in-
ternational publications on this strategy. For oral and max-
illofacial surgery, Nevins et al.? Boyne et al.® Terheyden
et al.” Barboza et al.® and Ripamonti et al.? have reported
newly regenerated bone in animal models using growth
factors. Nevins worked with goats, Boyne with Macaca fas-
cicularis (rhesus) monkeys, Terheyden with miniature pigs,
Barboza with dogs, and Ripamonti with chacma baboons.
All these animal studies were carried out in the field of oral
and maxillofacial surgery. Except Terheyden, who used
rhBMP-7 (osteogenetic protein 1 (OP)-1, Stryker, Kalamazoo,
MI), all other authors used rhBMP-2 (INFUSE, US.; In-
ductOs, Europe; Wyeth, Madison, NJ). Boyne et al. 0
Cochran et al.,*! Wikesjo et al.,*? Fiorellini et al.,'® and Boyne
et al."* published the first clinical studies of bone regeneration
in humans with thBMP-2 in dental applications. Jung et al.'®
(thBMP-2) and Warnke et al.'® (thBMP-7) combined xeno-
genic deproteinized natural bone mineral (NBM) with BMPs
for jawbone reconstruction in single cases. The other com-
mon material used is bovine collagen. OP-1 contains a mix-
ture of rhBMP-7 powder and granulated absorbable collagen
sponge (ACS). INFUSE/InductOs is provided as rhBMP-
2 powder and a separate collagen sponge (ACS). Only

'Institute Indente — Institute of Innovative Oral Surgery and Medicine, Centre for Tissue Engineering, Hannover, Germany.
*Center for Biomaterials Applications and Technology, Department of Mechanical Engineering, National University of Singapore,

Singapore.
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INFUSE/InductOs enables a complete splitting of both parts.
ACS was not used because it is a xenogenic material that
leads to immunological reactions in 18% of patients."”
Moreover, ACS is not able to provide suitable structural
support for the agglomeration of osteoblasts to reconstruct
larger bony defects.'®

We have demonstrated the advantages of using rhBMP-2
in combination with other carrier materials and scaffolds
instead of ACS."® Whereas Boyne'®'* used 1.7 to 3.4mg'® or
12 to 24mg (1.5mg/mL)'* thBMP-2 in combination with
ACS per sinus floor augmentation, we achieved comparable
results by combining rhBMP-2 with demineralized bone
matrix using 1.3 to 1.5mg (1.5 mg/mL) thBMP-2. The aug-
mentation material should possess the following features.

1. Preferably, the material used as a scaffold ought to be
of synthetic origin and completely biodegradable or
resorbable, with interconnected pores large enough
for nutrient and waste product transport and micro-
architecture that facilitates the adhesion of cells and
proteins. It also needs to be load-bearing (with low
stability of the surrounding bone) and durable to avoid
premature failure during the tissue remodeling phase.

2. In addition, endogenous components such as platelet-
rich plasma (PRP) and stem cells need to be incorporated
to perform the function beyond tissue regeneration to
tissue remodelling. This includes constant receipt of
cellular components and the possibility of nutrition
through vascularization of these cellular components,
aiming at a constant effect on bone regeneration.

Hutmacher' and Zein?® have presented a suitable three-
dimensional (3D) polycaprolactone (PCL) scaffold that can
be used for augmentation purposes. These scaffolds have
been tested as delivery systems for PRP*' and for thBMP-
2.2 Wiltfang et al.,** Choi et al.” Fennis et al.*® Okuda
et al.”” Marx et al® and Freymiller et al.* have previously
reported the positive effect of PRP on bone regeneration.
Wiltfang demonstrated a significant effect on bone regener-
ation in mini-pigs using a combination of PRP, tricalcium
phosphate (TCP), and autogenous bone. Choi demonstrated
the advantage of PRP on bone regeneration in combination
with autogenous bone grafts over autogenous bone alone in
a canine model. Fennis compared autogenous irradiated
cortical scaffolds with PRP and autogenous bone graft from
the iliac crest of goats versus the original bone alone in
bridging the defect. All goats had undergone bone re-
modeling. Okuda presented a comparative controlled clinical
study in humans using PRP combined with porous hy-
droxyapatite grafts for the treatment of intrabony peri-
odontal defects. He compared these results with a control
group without PRP. His results showed significantly better
clinical improvement in the test group than in the control
group. Marx pointed out the relevance of platelet-derived
growth factors (PDGFaa, PDGF/3/3, PDGFaB) and trans-
forming growth factors (TGF-al and TGF32) for bone re-
generation. Freymiller presented an overview of different
scientific papers. Because of the different conditions of these
studies, he pointed out that the results could not be com-
pared. Basically, the use of PRP in bone regeneration has
improved the results in bone surgery. Comparing studies
will be necessary in the future to strengthen the results of the
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FIG. 1. Intraoperative situation after removal of dental im-
plants. Color images available online at www.liebertonline
.com/ten.

reporting authors. In a clinical study in dogs, Rai et al.** have
regenerated critical-sized defects of the mandible with PCL
and 20% TCP scaffolds in combination with PRP. The bone
regenerated with PCL+ TCP scaffolds and PRP was of a
higher quality and density than the bone regenerated with-
out PRP. Teoh® and his clinical team demonstrated the first
application of the 3D fused deposition modelled PCL scaf-
fold combined with medical imaging and with osteoblast
cells, leading to a reasonably successful regeneration of a
large craniofacial bony defect in a human being. In this ar-
ticle, we report the first successful clinical case of the re-
construction of the anterior mandible on an osteoporotic
patient using the 3D PCL scaffold in combination with PRP
and rthBMP.

Materials and Methods

Periimplantitis caused by bacterial infection often leads to
bone loss around dental implants. Subject to favorable con-
ditions, with the use of antibiotics, photodynamic therapy,

FIG. 2. Three-dimensional polycaprolactone scaffold. Color
images available online at www liebertonline.com/ten.
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FIG. 3. Three-dimensional polycaprolactone scaffold in situ.
Color images available online at www.liebertonline.com/ten.

and modern bone regeneration, healing is possible, leaving
the implants in situ.>* Advanced infections and large bony
defects require implant removal under antibiotic prophylaxis
before reconstructing the defects. The case of a 71-year-old
female patient showed two dental implants in the anterior
mandible. The region had a profound periimplantitis with
considerable bony defect. After a bacterial infection, treat-
ment with an antibiotic (amoxicillin 3x1000 mg/day over 2
weeks) was administered, and the titanium implants were
removed (Fig. 1). Using PRP, the bony defect was closed.
This procedure was performed under local anesthesia, an-
algosedation, and close monitoring. After this first inter-
vention, the wound healing was complication-free.

A PCL scaffold was custom manufactured for this defect
after optical and radiological measurements (Fig. 2). Osteo-
pore International Pte Ltd. Singapore produced and de-
signed the PCL scaffold, which had a porosity of 75%, under
current good manufacturing practices in a clean room in
compliance with International Standards Organization 13485.

FIG. 5. Four-month postoperative X-ray, mostly total re-
construction of bony defect through de novo grown bone.

The scaffold was fabricated in a pyramidal shape in the
center of a broad-base mesh. The latter was designed for ease
of tissue anchoring and minimizes any micromotion. Under
antibiotic treatment, the scaffold, loaded with PRP and
rhBMP-2 (InductOs, Wyeth, 1.2mg), was implanted in a
second operation (Fig. 3). The pyramidal scaffold was in-
serted upside down into the bony defect and fixed by the
base mesh, which was designed to hold the scaffold in po-
sition and prevent any micromotion. The 3D PCL scaffold
was ideally suited for the defect. This procedure was also
performed under local anesthesia and analgosedation and
monitored accordingly.

Results

One week after implantation of the 3D-PCL scaffold with
PRP and rhBMP-2, complication-free wound healing per-
mitted removal of the sutures, and the patient was able to
wear her dentures again. Controls were made at intervals of

FIG. 4. Preoperative X-ray, bony defect of anterior man-
dible.

FIG. 6. Preoperative computed tomography: large bony
defect in anterior mandible.
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FIG. 7. Six-month postoperative computed tomography:
former bony defect reconstructed with de novo grown bone.

2 to 3 weeks. Compared with the preoperative situation (Fig.
4), the first X-ray, taken 4 months after augmentation (Fig. 5)
(Siemens Heliodent, 70KV, 7mA, 0.16s), already showed
clear growth of bone in the operating field. In contrast to the
preoperatively taken computed tomography (CT; X vision
130KV /400 mAs) (Fig. 6) showing a large bony defect in the
anterior mandible, the 6-month postoperative control CT
(Fig. 7) shows a dense bone structure in the area of the former
defect. In Table 1, a grey-value histogram displays the in-
crease in bone density. Average grey values of the local bone
have been compared with average values of the augmentation
area preoperatively (Fig. 6) and 6 months postoperatively
(Fig. 7). The obvious increase shows the de novo—grown bone.

In a third surgical procedure, two new dental implants
were placed into the newly grown bone to enable a tight-
fitting mandibular denture; a radiological control was made
(Fig. 8) (Siemens Orthopantomograph, 70KV, 15mA). Two
bone biopsies of the augmented area were taken using a
trephine drill (& 2.5mm) before setting the implants in the
same place. Histological analyses were made on a part of
each specimen (Fig. 9, 10). The other parts were used for
micro-CT analysis (Fig. 11). From the bordering local bone, a
small bone ridge had to be removed to avoid injury of soft
tissue by the integrated denture that was later implanted.
The bone biopsies were taken for histological analysis (Fig.
12). All histological analyses, of the local bone as well as of
the newly grown bone, showed vital laminar bone. As with
Wellmann,*® we preferred micro-CT for analysis of bone

TABLE 1. GREY-VALUE HISTOGRAM SHOWING THE QUOTIENT
OF AVERAGE GREY VALUE IN THE OPERATION FIELD
PrEe- (F1G. 6) AND POSTOPERATIVE (F1G. 7) COMPARED WITH
THE AVERAGE GREY VALUE OF LocAL BONE

Average Average
grey value - grey value -
local bone operating field Quotient
Fig. 6 139 bony defect 77 0.55
Fig. 7 147 new grown bone 121 0.82
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FIG. 8. Orthopantographic: two dental implants in situ.

density classification instead of procedures like dual-energy
X-ray absorptiometry, quantitative CT, or ultrasound. In
contrast to all other methods, micro-CT also displays the
micro-architecture of the new grown bone.

The bone densities of the micro-CTs of the augmentation
area are presented in Table 2. The micro-CT was performed
using the Skycan 1076.

Three months after having set the implants, the gingiva
above was removed, and a bar construction to stabilize a
denture was prepared and screwed in (Fig. 13).

Discussion

Since the first publication by Urist in 1965* on bone in-
duction via growth factors, a number of animal models and
clinical studies on bone regeneration with BMPs have been
performed. From 2002 onward, thBMP-2 and rhBMP-7 have
been available as therapeutics for use in humans. In both
cases, bovine collagen (ACS) served as the carrier material,
but bovine collagen is a xenogenic material that may cause
adverse immune reactions and has poor mechanical stability.
Thus, ACS was not used in this case.'”

Combining PCL, PRP, and rhBMP-2, a controlled release
of growth factors is possible.”’™ To the authors’ best

FIG. 9. Histology of de novo-grown bone (right specimen).
Color images available online at www liebertonline.com/ten.
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FIG. 10. Histology of de novo-grown bone (left specimen).
Color images available online at www liebertonline.com/ten.

knowledge, this single case is the first that has been done
successfully to regenerate new bone in a critical defect of the
mandible adopting the strategy of a load-bearing 3D PCL
scaffold with PRP and rthBMP-2. The harvesting of autoge-
nous bone and its transplantation, so far the only safe al-
ternative, was thereby avoided. Based on these results and
the effects of combination of the 3D PCL with mesenchymal
stem cells,®' it is clearly indicative of a real alternative to
autogenous bone transplantation, especially for patients with
absolute or relative contraindication for bone removal. This
must be considered particularly with regard to the well-
known problems at the donor region and for the recipient
organism as well. Springer et al. and Macacci et al. have

FIG. 11.
bone.

Micro-computed tomography of de novo-grown

FIG. 12. Histology of bordering local bone. Color images
available online at www .liebertonline.com/ten.

published similar positive results as to the combination of
scaffolds and periosteal® and stem cells,** respectively.

Considering bone density in Table 1, the different devel-
opment of both samples requires an explanation. Because the
total degradation time of PCL takes longer than 6 months,
the rest of the undegraded PCL could have remained upon
bone biopsy. Shorter biodegradability of the scaffold would
be desirable. It should be optimally adapted to the new bone
development and be completed after 3 to 4 months. Springer
et al. reports on xenogene NBM retarding complete absorp-
tion. In places, the material had not decomposed at all. The
use of porous hydroxyapatite ceramic scaffolds by Marcacci
et al. radiologically shows part of the scaffold after several
years. For scaffolds to be used in the future, it must be re-
quired that they biodegrade upon bone regeneration and will
not persist on de novo-grown bone any longer than neces-
sary.

It must be considered that there are different results in
human and animal bone regeneration, depending on the
time of bone regeneration and the time of biodegradation or
resorption of different materials. Under clinical view, the
periods are longer in humans than in animal models (e.g.,
canines, dogs, goats). There are also important intra- and
inter-individual differences in patients due to their individ-
ual clinical situation. Further studies are required for clari-
fication.

Significant comparative studies on the use of rhBMP-2
versus rhBMP-7 with the same indication are missing.
Studies on bone regeneration comparing the use of mesen-
chymal stem cells with BMPs are missing as well.

TABLE 2. MicrRo COMPUTED TOMOGRAPHY ANALYSIS
SHOWING THE BONE VOLUME IN PERCENTAGE
OF THE TOTAL VOLUME

Sample Volume Bone Volume/Sample Volume
1 10.85 mm’> 49 %
2 529 mm’ 24 %

The bone samples were taken from the augmentation area.
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FIG. 13. Bar construction. Color images available online at
www liebertonline.com/ten.

Schmelzeisen et al.*® and Warncke et al. have invented
other techniques.'® Schmelzeisen has developed a method of
growing human bone in vitro for subsequent implantation in
humans. Warncke has grown bone ectopically in muscula-
ture for transplantation into the mandible. These techniques
require newly grown bone to be transplanted to the recipient
site. Due to this fact, problems similar to the transplanta-
tion of autogenous bone may occur because of infection,
necrosis, and resorption. As demonstrated in this single case
and as presented analogically by Springer et al.> and Mar-
cacci et al.,>* bone regeneration in vivo avoids completely
transplantation and the accompanying risks, although this
technique requires implantation in an abacterial region.
Moreover, the constitution of the soft tissue as epithelium
must be able to allow primary wound healing. Bone regen-
eration in vivo will have the best results when no wound
infection occurs.

Regarding different scaffolds in combination with growth
factors and/or stem cells, further research will be necessary
to define the results of bone healing. Further clinical studies
are necessary to develop bone regeneration in vivo with dif-
ferent scaffolds in combination with growth factors and/or
stem cells.
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